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Notch Activation of yan Expression Is Antagonized
by RTK/Pointed Signaling in the Drosophila Eye
discs (Figures 1J and 1K). Thus, Notch/Su(H) signaling
is required for yan expression.
To investigate how yan expression is regulated, DNA
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1Department of Biochemistry and fragments comprising a 20-kb genomic sequence sur-
rounding the first exon of yan were tested for regulatoryMolecular Biology
2 Intercollege Program in Genetics potential in corresponding transgenic flies (M.P, E.R.,
and Z.-C.L., unpublished data). Through this approach,3 Department of Biology
The Pennsylvania State University a 122-bp eye-specific enhancer located approximately
3.5 kb upstream of the first exon was identified (FigureUniversity Park, Pennsylvania 16802
1M) [1]. In eight out of nine transgenic lines, this en-
hancer activated expression of a bacterial lacZ reporter
gene within posterior undifferentiated cells of eye discs.
Summary This recapitulates the endogenous yan gene expression
in eye discs with the exception of the MF region (Figure
Receptor tyrosine kinase (RTK) signaling plays an in- 2A) [1]. The enhancer was unable to drive the reporter
structive role in cell fate decisions, whereas Notch expression in the morphogenetic furrow. Moreover, the
signaling is often involved in restricting cellular com- reporter gene expression was not detected in other lar-
petence for differentiation. Genetic interactions be- val tissues or embryos (data not shown). Three putative
tween these two evolutionarily conserved pathways Su(H) binding sites were found in the yan enhancer (Fig-
have been extensively documented. The underlying ure 1M). When tested through an in vitro electrophoretic
molecular mechanisms, however, are not well under- mobility shift assay (EMSA), the Su(H) protein was shown
stood. Here, we show that Yan, an Ets transcriptional to specifically bind to these sequences (Figure 1N). Fur-
repressor that blocks cellular potential for specifica- ther, the yan enhancer became inactive in most of the
tion and differentiation [1, 2], is a target of Notch sig- posterior undifferentiated retinal cells when the Su(H) func-
naling during Drosophila eye development. The Sup- tion was removed (Figure 2B). It is unclear at the moment
pressor of Hairless (Su[H]) protein of the Notch why two small patches of cells located in the dorsal and
pathway is required for activating yan expression, and ventral margins were still positive for the reporter expres-
Su(H) binds directly to an eye-specific yan enhancer sion (Figure 2B) but the endogenous yan gene was inac-
in vitro. In contrast, yan expression is repressed by tive throughout the eye disc in this same Su(H) mutant
Pointed (Pnt), which is a key component of the RTK background (Figure 1E). All together, these loss-of-func-
pathway. Pnt binds specifically to the yan enhancer tion and DNA binding analyses support the notion that
and competes with Su(H) for DNA binding. This com- Su(H) is required to promote yan transcription and that
petition illustrates a potential mechanism for RTK and yan is a target gene of Su(H) in the eye.
Notch signals to oppose each other. Thus, yan serves To test the functional significance of the Su(H) binding
as a common target of Notch/Su(H) and RTK/Pointed sites, clustered point mutations were introduced
signaling pathways during cell fate specification. through site-directed mutagenesis. Mutations in S1 (six
out of seven transgenic lines) or S2 (all nine lines) abol-
ished the enhancer function (Figures 2C and 2D), whileResults and Discussion
mutations in S3 (five out of six lines) had little effect
(Figure 2E). These results indicate that the Su(H) bindingNotch-mediated lateral inhibition blocks cellular compe-
sites S1 and S2 are essential for the yan enhancer func-tence for differentiation [3, 4]. The Ets protein Yan plays
tion while the S3 site plays a minor role.a similar role in the Drosophila eye [1, 2]. In a sensitized
Overexpression analysis was carried out to furtherassay, the eye phenotypes of yan mutants can be domi-
address how Su(H) is involved in regulating yan expres-nantly enhanced by the reduction of a key component of
sion. When Su(H) was overexpressed in heat-treated hs-the Notch pathway, Su(H). yanP homozygotes exhibited
Su(H) eye discs, the yan enhancer was downregulated,20% mutant ommatidia [1], while yanP/yanP; Su(H)D47/
contrary to expected results based on Su(H) loss-of-flies had 44% (n  380) mutant ommatidia. This result
function analysis (data not shown). This effect might besuggests that the yan function or expression might re-
simply caused by the transcriptional repressor activityquire the Su(H) activity. To test a hypothesis that yan is
of Su(H) [4, 5]. However, the following evidence indicatesa downstream target of Notch signaling, the level of Yan
that the repression of the yan enhancer may not beprotein was examined in eye discs mutant for Su(H).
directly mediated by Su(H). First, overexpression of aNormally, Yan is highly expressed in all undifferentiated
fusion protein Su(H)VP16, which is a transcriptional activa-cells posterior to the morphogenetic furrow (MF) (Fig-
tor, also resulted in repression of the yan enhancer inures 1A–1C). In the absence of Su(H) function, Yan ex-
GMR-Gal4/UAS-Su(H)VP16 eye discs (data not shown).pression was greatly reduced or eliminated (Figures 1D–
Second, similar results were observed in GMR-Gal4/1I). A similar phenotype was also observed in Nts eye
UAS-Nintra or heat-treated hs-Nintra eye discs (data not
shown). In the presence of Nintra, Su(H) can be converted
from a repressor to an activator of transcription [4, 5].4 Correspondence: zcl1@psu.edu
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Figure 2. Regulation of the Eye-Specific yan Enhancer
(A and B) Expression of yanO-lacZ examined in (A) wild-type and
(B) Su(H)AR9/Su(H)SF8 eye discs.
(C) mS1 mutant version of yanO-lacZ.
(D) mS2 mutant version of yanO-lacZ.
(E) mS3 mutant version of yanO-lacZ.
(F) mHEX mutant version of yanO-lacZ.
(G) yanQ-lacZ.
(H) yan6Q-lacZ.
(I) mN/RBS mutant version of yanO-lacZ.
(J–L) Expression of yanO-lacZ examined in (J) lzr15/Y, (K) GMR-Gal4/
UAS-E(spl)m7 UAS-E(spl)m8, and (L) GMR-Gal4/UAS-yanACT eye
discs.
One copy of yanO-lacZ was used in (A), (B), (J), (K), and (L). A 22-
bp sequence derived from yanO (yanQ) was used in (G) and (H).
yan6Q contains six copies of the yanQ sequence. Two copies of
the transgene were present in eye discs shown in (C)–(I). ArrowsFigure 1. Notch/Su(H) Signaling Is Required for yan Expression
indicate the morphogenetic furrow, and anterior is oriented toward
(A–F) (A–C) Wild-type and (D–F) Su(H)AR9/Su(H)SF8 eye discs were the left in all panels.
stained with Elav, a neural-specific protein [32] (red, [A] and [D]),
and Yan (green, [B] and [E]) antibodies. (C) was merged from (A)
and (B), and (F) was merged from (D) and (E).
(G–I) A Su(H)D47 clone produced in Su(H)D47/ flies. The lack of GFP One explanation for the discrepancy between N/Su(H)
staining (G) defines the boundary of the clone, within which Yan loss-of-function and gain-of-function results is that
expression (red) is eliminated (H). (I) was merged from (G) and (H). Enhancer of split (E[spl]) genes, which are downstream
(J–L) Eye discs derived from (J) wild-type, (K) Nts (3rd instar eye discs targets of N signaling, could be responsible for repress-were treated at 32C for 7 hr before being used for antibody staining),
and (L) GMR-Gal4/UAS-PntP1 were stained with Yan antibodies.
(M) The sequence of the yan enhancer was marked by S1-3 [Su(H)]
binding sites, an Ets binding site (Ets), a basic helix-loop-helix pro-
tein binding site (N box), and an Lz/Runt binding site. An Su(H) binding site (m4S1) of the E(spl)m4 gene was used as a
(N) The mobility-shift assay shows that Su(H) specifically binds to positive control. Arrows indicate the (A–L) morphogenetic furrow,
S1, S2, and S3. The GST-Su(H) protein [33] was used in the assay, and arrow heads indicate the location of a (G–I) Su(H)D47 clone.
which was carried out as described [34]. Anterior is oriented toward the left in panels (A)–(L).
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transcriptional repressors. Secondly, it is also possible
that Nintra and Su(H) might require a cofactor for yan
activation, and the availability of this factor is limited in
eye discs. Evidence indicates that Su(H) binding sites
alone can play a very limited role in regulating transcrip-
tion in the absence of other factors [6]. Thirdly, yan
overexpression experiments indicate that Yan is able to
negatively regulate its own transcription. Taken to-
gether, these results suggest that regulation of the yan
enhancer involves only an activating but not repressing
function for Su(H). When Nintra or Su(H)VP16 was overex-
pressed in eye discs, the Yan protein level was not appar-
ently changed (data not shown). Again, this could be due
to a balanced effect of Nintra/Su(H) and E(spl) proteins,
which play opposite roles to regulate yan transcription.
E(spl) proteins are basic helix-loop-helix (bHLH) re-
pressors, and most of them (m7, m8, m, m, and m)
are expressed in the posterior undifferentiated cells in
eye discs [7, 8]. When E(spl) proteins (e.g., m7 and m8)
were overproduced in eye discs, the yan enhancer activ-
ity was strongly reduced (Figure 2K). Similarly, the level
of Yan protein was also reduced (data not shown). These
results show that yan expression can be negatively regu-
lated by E(spl) proteins. E(spl) proteins might act through
an N box (5-CACAAG-3) [9] in the enhancer (Figure
1M). Interestingly, mutations of the N box didn’t cause
upregulation of the reporter gene, but, instead, the re-
porter expression was abolished in all three transgenic
lines (Figure 2I). One explanation for this result is that
the N box sequence might be shared by an activation
element located in the region. Indeed, a Runt domain
binding site (RBS) (5-RACCRCA-3, R  purine) [10]
overlaps with the N box (Figure 1M), which could medi-
ate an effect by the Runt domain protein Lozenge (Lz),
which has previously been shown to act as a transcrip-
tional activator in the developing eye [11]. Supporting
this idea, the yan enhancer was completely inactivated
in lzr15 mutant eye discs (Figure 2J). However, the level
of Yan protein was not apparently affected by the lz
mutation (data not shown). This result suggests that Lz
is not essential for the expression of the endogenous
yan gene and that the loss of lz function could be com-Figure 3. RTK Signaling Blocks yan Expression
pensated by other molecules so that yan expression isOne copy of yanO-lacZ was present in (A) and (C)–(F), and two
unaffected in lz mutants.copies were present in (B). GMR-Gal4 was used as a driver.
A candidate factor that may be involved in this com-(A and B) Wild-type.
(C) UAS-torD-DER. pensation and could cooperate with Nintra/Su(H) proteins
(D) UAS-Ras1V12. might be a DNA binding protein capable of interacting
(E) UAS-pntP1 (but UAS-pntP2 did not cause any apparent effect, with a 5-GAAACC/A-3 sequence. Two direct repeats of
data not shown).
a 5-GAAACC-3 sequence (hexamer, HEX) were found(F) pnt78/pntT6 (the same effect was also observed in the pnt88/pntT6
between S1 and S2 (Figure 1M). The second half of theeye disc, data not shown).
S2 site might be considered as a third HEX, since there(G) yanS1, yanS2, and yanS3 were labeled and used as probes for
binding with GST-YanC [1] and GST-PntC [35] fusion proteins. is only one variant base (as 5-GAAACA-3). When clus-
(H) The yanS2 probe was used for binding with GST-Su(H) and GST- tered point mutations were introduced into the first and
PntC proteins. second HEX, expression of the reporter gene was abol-
Arrows indicate the morphogenetic furrow, and anterior is oriented ished in all six transgenic lines (Figure 2F). Therefore, thetoward the left in panels (A)–(F).
HEX element is essential for the yan enhancer activity.
Expression analysis of the HEX repeats provided further
ing the yan enhancer in response to Nintra or Su(H) overex- evidence supporting the finding that the hexamer is an
pression. Gain-of-function assays utilizing E(spl) genes activation element. The reporter gene expression can
do result in a reduction of the yan enhancer, which will be detected over the entire eye disc of all six lines when
be discussed in further detail later in the text. Conse- a six-copy concatomer of a 22-bp sequence containing
quently, the potential positive effect of Nintra and Su(H) three HEX repeats was used (Figure 2H); although, one
copy of this 22-bp oligonucleotide was not sufficient toon the yan enhancer could be masked by the E(spl)
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induce gene expression in eye discs (five out of six lines)
(Figure 2G). We propose that a putative HEX binding
protein functions together with Su(H) and Nintra to activate
the yan enhancer. The nature of the HEX binding factor
remains to be investigated.
An Ets domain binding site (EBS, 5-GGAA/T-3) [12]
was found within the S2 site (Figure 1M). As Yan is an
Ets domain protein and a transcriptional repressor, we
examined if Yan could be involved in autoregulation.
When a constitutively activated Yan (YanAct) [2] was over-
produced in eye discs, the reporter gene expression
was strongly reduced (Figure 2L). As Yan is capable of
negatively regulating yan transcription, this autoinhibi-
tory mechanism could be used to prevent overproduc-
tion of Yan in undifferentiated cells. DNA binding data
suggests that Yan can be directly involved in this nega- Figure 4. A Model for Crosstalk between Notch and RTK Signaling
tive regulation (Figure 3G). However, this Yan-mediated Pathways
autoinhibitory feedback appears to play a minor role in In this model, we propose that Notch signaling acts in undifferenti-
regulating yan expression, because the yan enhancer ated cells to promote yan expression and that Su(H) is directly
involved in this process. Both E(spl) and Yan can negatively regulateactivity was not apparently affected in yan mutant clones
yan transcription, which provides an inhibitory feedback mecha-produced in eye discs (data not shown).
nism. Once inductive RTK signals are available to initiate cellularA role for RTK signaling in regulating yan transcription
differentiation, the Ets domain protein Pnt blocks yan transcription,was investigated. When the RTK pathway was constitu-
while activated MAP kinase targets the Yan protein for phosphoryla-
tively activated by torD-DER or Ras1V12, the yan enhancer tion and degradation [13, 14]. Therefore, opposition between Notch
activity was greatly reduced (Figures 3C and 3D). Thus, and RTK signals can be mediated at the level of enhancer through
action of nuclear factors such as Su(H) and Pnt.RTK signaling appears to negatively regulate yan tran-
scription, in addition to its effect on Yan protein stability
[13, 14]. The following evidence supports a view that cupancy of the common sequence could be a general
the inhibitory effect of RTK/Ras1 signaling on yan ex- mechanism for regulating expression of genes targeted
pression is mediated through the pointed (pnt) gene. by both Notch and RTK pathways.
First, overexpression of pnt caused a reduction in the We propose that spatially restricted yan expression in
yan gene activity (Figures 1L and 3E). Second, loss of pnt the developing eye is coordinated by actions of multiple
function resulted in an upregulation of the yan enhancer regulatory factors that include Su(H) and Pnt (Figure 4).
(Figure 3F). Third, the eye phenotypes of yan mutants Consequently, the yan enhancer provides an interface
were dominantly suppressed by the reduction of pnt for Notch and RTK signals to oppose each other. Our
function in a sensitized assay. There were only about DNA binding analysis and mutagenesis of yan Su(H)
1.3% (n  1516) mutant ommatidia in the eyes of yanP/ binding sites provide evidence that supports a cell-
yanP; pnt78/ flies. In comparison, 20% of the omma- autonomous role of Notch and RTK signaling in the regu-
tidia were abnormal in yanP homozygotes [1]. Finally, lation of yan expression. Interestingly, we observed that
gel retardation analysis demonstrated that Pnt, also an Yan expression was reduced not only in Su(H)D47 clones
Ets domain protein, specifically binds to the S2 site but also in some Su(H) cells that surround the mutant
clones in eye discs (Figures 1G–1I). This result implies(Figure 3G). Taken together, these results demonstrated
that loss-of-Su(H) function might also cause a cell-non-that Pnt negatively regulates yan expression, and it is
autonomous effect on yan expression, possibly due tolikely that Pnt is directly involved in repressing yan tran-
upregulation of RTK signaling in those Su(H) cells. Thisscription. Although a role of Pnt as a transcriptional
upregulation may occur via an increase of a diffusiblerepressor has not been extensively investigated, there
activator of the RTK pathway due to the loss of Su(H). Inwas a case in which pnt was shown to negatively regu-
Caenorhabditis elegans, the RTK pathway is negativelylate hid transcription in embryos [15]. Interestingly, a
regulated by Notch signaling through transcriptional ac-P-DLS motif is present in the Pnt protein (amino acids
tivation of a MAPK (mitogen-activated protein kinase)-356–360 in PntP1), which might mediate interaction with
phosphatase LIP-1 [18]. Interestingly, cooperation be-the transcriptional corepressor dCtBP [16, 17]. At this
tween Notch and RTK signals can also be mediatedpoint, our data does not exclude the possibility that Pnt
at the enhancer level [11]. The model presented heremight also activate expression of a repressor, which in
illustrates a mechanism that should help explain howturn switches off yan transcription.
progenitor cells are maintained in an undifferentiatedThe nesting of an Ets binding site within the S2 site
state by Notch-mediated inhibitory signals and how theysuggests a possible mechanism whereby the binding of
can be effectively induced for cellular differentiation byPnt could interfere with Su(H)’s DNA binding activ-
RTK-mediated inductive signals.ity. Indeed, increasing the amount of Pnt effectively
prevented Su(H) from DNA binding (Figure 3H). Such
Experimental Procedurescompetition provides a mechanism by which RTK/Pnt
signaling directly antagonizes Notch-mediated lateral Molecular Analysis and Germline Transformation
inhibition at the transcriptional level. As Ets binding sites Standard methods for DNA analysis were used [19]. Point mutations
were generated by polymerase chain reaction (PCR) and the Quick-are nested in many Su(H) binding sites, competitive oc-
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